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Abstract
Background: In populations of most social insects, gene flow is maintained through mating between reproductive
individuals from different colonies in periodic nuptial flights followed by dispersal of the fertilized foundresses. Some ant
species, however, form large polygynous supercolonies, in which mating takes place within the maternal nest (intranidal
mating) and fertilized queens disperse within or along the boundary of the supercolony, leading to supercolony growth
(colony budding). As a consequence, gene flow is largely confined within supercolonies. Over time, such supercolonies may
diverge genetically and, thus, also in recognition cues (cuticular hydrocarbons, CHC’s) by a combination of genetic drift and
accumulation of colony-specific, neutral mutations.
Methodology/Principal Findings: We tested this hypothesis for six supercolonies of the invasive ant Anoplolepis gracilipes
in north-east Borneo. Within supercolonies, workers from different nests tolerated each other, were closely related and
showed highly similar CHC profiles. Between supercolonies, aggression ranged from tolerance to mortal encounters and
was negatively correlated with relatedness and CHC profile similarity. Supercolonies were genetically and chemically
distinct, with mutually aggressive supercolony pairs sharing only 33.1%617.5% (mean 6 SD) of their alleles across six
microsatellite loci and 73.8%611.6% of the compounds in their CHC profile. Moreover, the proportion of alleles that differed
between supercolony pairs was positively correlated to the proportion of qualitatively different CHC compounds. These
qualitatively differing CHC compounds were found across various substance classes including alkanes, alkenes and mono-,
di- and trimethyl-branched alkanes.
Conclusions: We conclude that positive feedback between genetic, chemical and behavioural traits may further enhance
supercolony differentiation through genetic drift and neutral evolution, and may drive colonies towards different
evolutionary pathways, possibly including speciation.
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Introduction
In most social insect species, a colony is a closed family unit that
contains a queen and her daughter workers [1]. The queen lays
eggs, which are cared for and reared by the workers. As the colony
reaches maturity, males and virgin queens are produced which
mate with reproductives from other colonies in periodic mating
events. Soon after copulation, the males die while the fertilized
queens disperse in an attempt to independently found new
colonies. As a consequence of this strategy, gene flow among
colonies is maintained within the population.
Social insects such as ants, however, show a large variety in social
organization, reproductive systems, mating behaviour and dispersal
modes.Some trampantspeciessuchasLinepithemahumile[2],Pheidole
megacephala [3], Wasmannia auropunctata [4], Lasius neglectus [5] or
Anoplolepis gracilipes [6] share a similar set of strategies: They form
large polydomous, highly polygynous supercolonies, within which
aggression is absent and individuals move freely between nests [7].
Supercolonies differ from other polygynous and polydomous ant
colonies,inthattheyareusuallytoo largetoallow directcooperative
interactions of individuals from distant nests [8]. In contrast to most
other ant species, nuptial flights of supercolony-forming ant species
are rare or even absent, and mating often takes place within the nest
or the supercolony. After fertilization, queens stay within the
maternal nest, move to other nests within the supercolony or
disperse at the fringe of the supercolony through budding, i.e. the
occupation of a suitable nest by one or several queens that are
accompanied by workers and sometimes brood from the colony the
queens themselves originated from. As a consequence of these
mating and dispersal strategies, gene flow between supercolonies
may be extremely limited or absent, as has been pointed out by
studies on L. humile [2,8,9] and A. gracilipes [10]. The study by
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two sympatric and mutually aggressive A. gracilipes supercolonies on
Christmas Island, Indian Ocean. The two supercolonies were
genetically differentiated both in nuclear and mitochondrial loci.
Furthermore, intranidal mating in A. gracilipes can be frequently
observed (in laboratory colonies of A. gracilipes) and workers are
highly aggressive towards virgin queens and males from other
supercolonies (Drescher, Feldhaar, pers. obs.), suggesting that gene
flow among supercolonies may be prevented by behavioural
barriers. As a consequence, lack of gene flow between ant colonies
should lead to genetic differentiation among them.
Nestmate recognition in ants usually relies on cuticular
hydrocarbons (CHC’s) [11,12,13,14,15] although other substance
classes can also be involved, such as fatty acids [16]. CHC’s are
largely genetically determined [17,18,19,20,21], which implies that
genetic differentiation among sympatric ant colonies may entail the
diversification of genetically based CHC profile compounds
through genetic drift and the accumulation of supercolony-specific
mutations. Thus, in ant species with strict intranidal mating, CHC-
profiles may differ between colonies not only in terms of relative
abundances of epicuticular compounds (quantitative differences, as
is the case in most ant species with intercolonial mating), but also in
the composition of the profile itself (qualitative differences).
As the origin and future of supercoloniality in ants is unclear
[22], studying the degree and nature of differentiation within and
between supercolonies may help in understanding the evolutionary
paths that those species might take [22]. We thus measured
patterns of behavioural, genetic and chemical differentiation
within and between six spatially separated supercolonies in
north-eastern Borneo, and discuss the data with respect to
potential evolutionary trajectories of A. gracilipes. As suggested by
previous studies, NE-Borneo is inhabited by a mosaic of variably
related, ecologically dominant A. gracilipes supercolonies [23,24]
with unusually high intracolonial relatedness estimates compared
to all other supercolonial ant species studied so far [22,24]. Thus,
assuming that the scenario described above applies to A. gracilipes,
we expect that the varying genetic differentiation between
supercolonies corresponds to the degree of CHC-profile differen-
tiation. As intranidal mating may be the dominant, if not
exclusive, reproductive strategy in A. gracilipes, we furthermore
expect that CHC-profiles differ both quantitatively as well as
qualitatively between supercolonies, and that qualitative differ-
ences between the CHC-profiles of supercolonies are independent
of substance classes as would be expected by an accumulation of
random, supercolony-specific mutations.
Materials and Methods
Selection and maintenance of colonies
We localized six Anoplolepis gracilipes supercolonies within the
study area around Poring Hot Springs, Sabah, Malaysia (6u049 N,
116u709 E, colonies are from here on referred to as supercolonies
P1-P6, Figure S1). All supercolonies included in this study were at
least 200 m in diameter, except for one slightly smaller super-
colony (P1), which spanned only 100 m (Figure S1). The
supercolonies were between 150 m (P1-P2) to ca. 15 km (P6-P5)
apart. Workers, brood and queens from a single nest per
supercolony were collected and transferred into plastic containers
(45625625 cm) treated with Fluon
TM to prevent escape (hence-
forth termed subcolony). All subcolonies were offered newspaper
as nesting material and were fed water, honey and tuna every third
day. Each of the subcolonies contained at least 1500 workers, 200
pupae/larvae and 3–12 queens (except for P1, which contained
about 500 workers, 100 pupae and two queens).
Behavioural assays
Behavioural assays were performed within and between each of
the six subcolonies (15 intercolonial combinations) using two
different indices (Aggression Index AI and Mortality Index MI).
Both indices were measured by placing 5 individuals of each
colony (10 ants per trial per pairwise colony combination) inside a
Fluon
TM coated plastic cylinder (diameter=10 cm, height=5 cm)
on a sheet of paper which was replaced after each trial. The
average maximum level of aggression (henceforth termed
aggression index AI) was obtained as the average of the most
aggressive interaction within 5 minutes across ten replicates
according to the following categories: 1 – ants displayed no
reaction towards each other/no physical contact, 2 – reciprocal
antennation, 3 – ants biting and spread-eagling one another, 4 –
ants protruding gaster/spraying formic acid while biting oppo-
nent. Aggression levels 1 and 2 were considered nonaggressive
while aggression levels 3 and 4 were considered antagonistic/
aggressive. In order to measure the Mortality Index MI (as
described in [23]), encounters between five workers of each
subcolony were observed for a period of 60 minutes. Every minute,
the number of dead individuals was counted. For each trial, the
mortality index MI was obtained as MI=(y/2)/t50, with y being
the total number of individuals killed at the end of the experiment
(60 min) and t50 the time (in steps of 1 min) when half of this
number (y/2) was already killed. Thus, this index allowed us to
describe aggression by combining both the number of dead
individuals as well as the speed at which ants kill each other.
Additionally, we measured aggression of workers towards
allocolonial sexuals, i.e. virgin alate queens and males (Text S1).
Relatedness and population structure
Workers from each supercolony were sampled in 98.8% EtOH
p.A. 20 workers from each of the six subcolonies were genotyped
using six polymorphic microsatellite loci (Ano1, Ano3, Ano4, Ano6,
Ano8, Ano10) according to the protocol in Feldhaar et al. [25].
Genetic diversity within supercolonies was measured by genotyping
five workers of two to four additional nests per supercolony (two
additional nests for P1 and P5, four nests for P2, P3, P4 and P6).
This resulted in a total number of 220 genotyped individuals.
Relatedness within and between the six supercolonies was
calculated using Relatedness 5.0.8 [26], including all individuals
as reference population. All R values presented in this study arise
fromthehalf-matrixresultingfrom2206220pairwisecomparisons
of individual relatedness excluding comparisons of each individual
with itself. Secondly, we conducted a three-level hierarchical
analysis of molecular variance (AMOVA) over the entire data set
to determine how genetic variability was distributed across three
levels (between individuals within nests, among nests within a
supercolony, among supercolonies) in the population using
ARLEQUIN 3.01 [27]. Thirdly, we performed assignment tests
using STRUCTURE 2.2 [28,29,30] to determine to what extent
the patterns obtained with aggression tests correlated with genetic
differentiation between supercolonies. This software infers the
number of clusters (K) that best fits a data set by maximizing Hardy-
Weinberg equilibrium and calculates the assignment probability for
each individual under any assumed K. We performed ten
independent runs for K from one to six. All genotyped individuals
of a supercolony were included in this analysis.
Cuticular Hydrocarbon (CHC) Profiles
Cuticular hydrocarbons were extracted from 20 pooled workers
from the same nests as those sampled for bioassays (subcolonies)
and genetic analysis plus two additional nests for supercolony P2.
Single workers did no yield sufficient amounts of substances to
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220uC for 30 min prior to 8 min extraction in hexane. Extracts
were reduced under a gentle stream of nitrogen to 10 to 15 ml and
immediately used for analysis or stored at 220uC. 1 ml of the
extract was analysed by gas chromatography-mass spectrometry
(GC-MS) using a Hewlett-Packard HP 6890 gas chromatograph
(GC, equipped with a J & W DB-5 fused silica capillary column:
30 m60.25 mm ID; film thickness: 0.25 mm) coupled with a
Hewlett-Packard HP 5973 mass selective detector (Hewlett-
Packard, Waldbronn, Germany). We used a temperature program
starting from 60uC with an increase of 5uC/min until a final
temperature of 300uC, which was kept for 10 min. A split/splitless
injector was set to splitless mode for 60 sec at a temperature of
250uC. Helium was used as carrier gas with a constant flow of
1 ml/min. Electron ionization mass spectra (EI-MS) were
recorded at 70 eV with a source temperature of 230uC.
Only hydrocarbons, which were identified by their typical mass
spectra, were included in our analysis. Furthermore, all molecules
smaller than C19-bodies were discarded, as they only occurred in
traces and were absent in most ant CHC profiles [31]. We
compared differences in cuticular hydrocarbon profiles between
supercolonies by performing permutation tests (adonis, R-package
vegan 1.15, 10000 runs) based on relative peak areas (proportion
of each peak’s integrated peak area to total integrated peak area).
To visualize differences in CHC profiles, we performed non-
metric multidimensional scaling (NMDS) based on Bray-Curtis
dissimilarities (dij) of relative peak areas of CHC profiles.
Correlations between behaviour, genetic and chemical
properties of workers from different supercolonies
We constructed a matrix of the proportion of alleles that were
not shared by supercolony pairs and, likewise, a matrix of the
proportion of qualitatively differing cuticular hydrocarbon sub-
stances between supercolony pairs. We then tested for correla-
tion between these two matrices and the matrices of pairwise
aggression (AI, MI), relatedness (R) and Bray-Curtis-distances of
CHC profiles (dij) by performing mantel tests (10000 permutations)
between matrix pairs. If not stated otherwise, all statistical analyses
were performed with Statistica 7.1 (StatSoft, 2005) or R 2.9.2 [32].
Results
Behavioural assays
Both types of behavioural assays (AI, MI) yielded consistent
results (R=0.65, p=0.002, Mantel test). Aggression differed
among supercolonies: While workers from P1-P2 and P3-P4
tolerated each other, workers from the remaining pairwise
bioassays were aggressive towards each other (Kruskal-Wallis
ANOVA, AI: H=177.5, p,0.0001, Fig. 1A; MI: H=144.4,
p,0.0001, Figure S2). Assuming that P1-P2 and P3-P4 belonged
to the same supercolony, despite being separated up to ca. 1.5 km
(P3-P4), we performed the statistical analysis again without colony
pairs P1-P2 and P3-P4. Still, aggression differed among the
remaining pairs (AI: H=36.1, p=0.0003, Fig. 1A; MI: H=60.4,
p,0.0001, Figure S2). Furthermore, we observed high levels of
aggression of workers towards allocolonial sexuals (virgin queens/
males) in at least 50% of all replicates in each pairwise supercolony
combination (Table S1).
Relatedness and population structure
We found 29 alleles in the entire population (215 individuals
from six spatially separated colonies genotyped at six microsatellite
loci). The number of alleles per locus ranged from three to 11,
while the number of alleles per locus per supercolony ranged
between two and four (Table S2). Laboratory subcolonies
contained the same alleles as the other genotyped nests from
their respective supercolony. Mutually aggressive subcolony pairs
shared less than half of their alleles (33.1617.5%, mean 6 SD),
while mutually tolerant subcolonies P1-P2 and P3-P4 shared either
all alleles (P1-P2) or 85.7% (P3-P4, 16 of 18 alleles in common) of
Figure 1. A. Aggression and B. Relatedness between six laboratory colonies collected from six spatially separated Anoplolepis
gracilipes supercolonies. Aggression was measured as AI (mean 6 SD, range: 1–4) and relatedness was calculated as R (mean 6 SE, range: 21–1).
The line widths are equivalent to the degree of aggression and relatedness, respectively, and dotted lines represent absent aggression. Colour codes
correspond to colony affiliation and to the results of a Bayesian clustering algorithm under the assumption of K=4 genetic clusters (Fig. 2).
doi:10.1371/journal.pone.0013581.g001
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were closely related (R=0.8560.09, mean 6 SE, range: 0.74 —
0.98, Fig. 1B), while relatedness between reciprocally aggressive
subcolony pairs was low (R=20.3160.47, mean 6 SE, range:
20.69–0.51). The mean relatedness between the two tolerant
supercolony pairs P1-P3 and P3-P4 was as high as intracolonial
relatedness (Fig. 1B). Accordingly, the genetic diversity in the
population sample originated from differences between super-
colonies (AMOVA, FSCOLONY-TOTAL =0.247, Table S4) rather
than differences between individuals in nests (FIND-NEST =
20.925) or nests within supercolonies (FNEST-SCOLONY =
20.002). Without a priori information on the origin of
the sampled individuals, the Bayesian clustering algorithm
implemented in STRUCTURE 2.2 revealed the highest
likelihood of the data (Ln P(D)) between K=4 and K=6, with
K=4 showing the smallest standard deviation (Fig. 2A). When
using a priori information on assumed numbers of K, the
assignment of all genotyped individuals to K=4 genetic clusters
was clearest, especially for individuals from colonies P3 and P4
(Fig. 2B).
Cuticular Hydrocarbon (CHC) Profiles
In total, we scored 154 peaks from GC-MS chromatograms of
26 A. gracilipes nest sites in Poring Hot Springs. The chemical
profiles of pooled workers of reciprocally tolerant subcolonies
were much more similar (Bray-Curtis distances dP1-P2 =0.12 and
dP3-P4 =0.14, respectively) than those of mutually aggressive
subcolonies (dij=0.3260.06, mean 6 SD, range: 0.22–0.42,
Figure S3). Likewise, the cuticular hydrocarbon profiles from
additional nests of the six Anoplolepis gracilipes supercolonies in the
field clustered according to supercolony affiliation (ADONIS,
F=10.78, p,0.0001, Fig. 3) and were highly similar between the
nests of supercolonies of which subcolonies were mutually tolerant
(ADONIS, P1-P2: F=2.84, p=0.18; P3-P4: F=1.80, p=0.23).
We then limited the array of analyzed peaks to only those,
which constituted at least 1% of relative peak area in at least one
sample, thus reducing the array of cuticular compounds from 154
(all substances) to 30. Nevertheless, ADONIS results and NMDS
arrangements remained largely the same (Figure S4). The
remaining 30 substances comprised a mix of unbranched and
methyl-branched alkanes and alkenes, 16 of which differed
qualitatively between supercolonies (i.e. compounds that were
present in the CHC profiles of one or several supercolonies while
being absent in others, Fig. 4). Qualitative differences between
CHC profiles involved all identified compound-classes, but were
overrepresented in dimethyl-branched alkanes (Fig. 4). Qualita-
tively differing compounds constituted between 1.01% and 8.21%
per compound of the respective CHC profiles (average: 2.59%6
0.5%, mean 6 SE). Moreover mutually aggressive colonies shared
Figure 2. Estimated number of genetic clusters (A) and
assignment to four, five and six clusters (B) in a population
of six A. gracilipes supercolonies. A. Average of the logarithm of the
likelihood (Ln P(D)) of the data to be assigned to K genetic clusters as
calculated with STRUCTURE 2.2. B. Assignment probability of n=220
Anoplolepis gracilipes workers from colonies P1 - P6 to K=4,K=5 and
K=6 genetic clusters. Identical colours indicate that subgroups belong
to the same genetic cluster. At K=5 and K=6, individuals from colonies
P3 and P4 can not be assigned to a specific cluster. At K=4, individuals
from colonies P1 and P2 are assigned to the red cluster, individuals from
colonies P3 and P4 are assigned to the blue cluster and individuals from
colonies P5 and P6 are each assigned an individual cluster.
doi:10.1371/journal.pone.0013581.g002
Figure 3. NMDS plot of Bray-Curtis dissimilarities of CHC
profiles between six A. gracilipes colonies. Three to seven nest sites
were included in the analysis. All symbols are coloured according to
colony affiliation and the assignment to common genetic clusters
(Fig. 2). Colony profiles differ between the four clusters (ADONIS,
F=10.78, p=0.0001), but not between colonies P1-P2 (F=2.84,
p=0.11) and P3-P4 (F=1.80, p=0.20).
doi:10.1371/journal.pone.0013581.g003
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while mutually tolerant colonies (P1-P2, P3-P4) shared 95.8% of
the compounds (presence/absence of compounds, Table S5).
Correlations between behaviour, genetic and chemical
properties of workers from different supercolonies
The behavioural patterns among subcolonies were in perfect
agreement with intercolonial relatedness and Bray-Curtis similar-
ities of CHC profiles. Intercolonial aggression (in both AI and MI)
was negatively correlated to relatedness (AI,R:r = 20.68,
p=0.023; MI,R:r = 20.84, p=0.002, Mantel test, Table 1)
and positively correlated to Bray-Curtis distances of the CHC
profiles (AI,dij: r=0.72, p=0.015; MI,R: r=0.62, p=0.023).
Thus, high aggression occurred at low relatedness and high CHC
profile dissimilarity, while low aggression matched high relatedness
and low dissimilarity of CHC profiles. Accordingly, relatedness
and CHC profile dissimilarity were negatively correlated
(r=20.77, p=0.007). Moreover, the proportion of alleles that
differed between supercolonies pairs was positively correlated to
the proportion of CHC compounds that differed between
supercolony profiles (r=0.26, p=0.044).
Discussion
The present study revealed a significant positive correlation of
aggression with differentiation of the cuticular hydrocarbon profile
as well as genetic differentiation among sympatric supercolonies of
the Yellow Crazy Ant Anoplolepis gracilipes in a study site in NE-
Borneo. Intercolonial aggression varied among supercolony pairs,
ranging from tolerance to mortal encounters in the bioassays.
Mutually aggressive supercolonies were distantly related and
showed highly differentiated CHC profiles, while two non-
aggressive though spatially separated supercolonies were found
to have highly similar CHC profiles and relatedness values that
were comparable to those found within supercolonies. Similar
patterns have been observed in the Argentine Ant Linepithema
humile, where mutually tolerant supercolonies from different
locations (even from different continents) can be highly similar
in genetic and chemical terms, and are thus thought to have been
introduced from the same source population [33,34,35]. Likewise,
supercolonies that are highly differentiated in genetic and chemical
terms (even if they are close to each other geographically) are
thought to have been introduced from different source populations
[36,37]. Hence, the varying degrees of behaviour as well as genetic
and chemical differentiation that we observed in A. gracilipes in this
study may potentially be explained by the same mechanisms, i.e.
supercolony pairs P1-P2 and P3-P4 may have been introduced
from the same source population whereas supercolonies P5 and P6
may have been introduced from yet another population,
Figure 4. GC-MS chromatogram of a pooled sample of 20 Anoplolepis gracilipes workers from supercolony P3. Thirty cuticular
substances remained after applying a 1% scoring threshold. Green labels indicate cuticular compounds that are present in this sample, whereas red
labels indicate substances that are absent from this sample, but present in cuticular extracts from other supercolonies. Asterisks in the compound list
indicate the 16 substances that differ qualitatively between supercolony CHC-profiles.
doi:10.1371/journal.pone.0013581.g004
Table 1. Correlation coefficients between aggression,
relatedness and chemical and genetic differentiation between
six Anoplolepis gracilipes supercolonies.
AI MI R dij CHC % Alleles
MI 0.65**
R 20.68* 20.84**
dij CHC 0.72* 0.62* 20.77**
% Alleles 0.85** 0.45
+ 20.36
+ 0.50
+
% CHC’s 0.38* 0.05 0.09 0.25 0.26*
Abbreviations represent aggression (AI), relatedness (R), Bray-Curtis distances of
cuticular hydrocarbon profiles (dij CHC), percentage of distinct alleles (% Alleles)
and percentage of distinct CHC compounds (% CHC) between six Anoplolepis
gracilipes supercolonies. Asterisks indicate p-levels:
+p,0.1,
*p,0.05,
**p,0.01.
doi:10.1371/journal.pone.0013581.t001
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to the same supercolony separated by uninhabitable terrain (very
likely for the pair P1-P2 which was separated by only 150 m) or
one supercolony in a tolerant supercolony pair may have
originated from the other through via human-mediated jump-
dispersal within the study site (possibly true for P3-P4).
Cuticular hydrocarbon (CHC) profiles have repeatedly been
shown to enable ants to discriminate between nestmates and non-
nestmates [12,13,15]. Typically, differing CHC profiles lead to
aggression while similar CHC profiles do not. Aggressive responses
towards individuals bearing allocolonial CHC profiles may be
evoked according to a threshold rule (e.g. Cataglyphis iberica) or may
be gradual (e.g. Myrmica rubra) (reviewed in [38]). The positive
correlation between CHC profile dissimilarity and aggression that
we observed between individuals from different supercolonies in A.
gracilipes may suggest the existence of a graded response
mechanism, which has also been found in other invasive ant
species such as Lasius neglectus [5], Wasmannia auropunctata [39] and
Linepithema humile [14,40,41].
Supercolonies of A. gracilipes showed both quantitative and
qualitative differences in their CHC profiles across various types of
hydrocarbons (Fig. 4, Table S4). This is remarkable since in most
ant species, CHC profiles tend to differ quantitatively between
conspecific colonies and qualitatively between species [15,42,43].
For instance, 14 out of 41 epicuticular compounds differed
qualitatively between the CHC profiles of six Formica species
(Formica sensu stricto) in a study by Martin et al. [44], if the same
threshold was applied as in our study. In comparison, 16 out of 30
substances differed qualitatively between the profiles of six
different supercolonies of A. gracilipes in our study. On occasion,
high degrees of qualitative differences between CHC profiles of
colonies from non-invasive ant species have been reported, but
analyses either include all substances (including trace substances,
e.g. [43]) or qualitative differences are only detected in one
substance class, e.g. homologous series of (Z)-9-alkenes or
positional isomers of dimethyl-branched C25-bodies [45]. In
invasive ant species, qualitative differences between CHC profiles
of different supercolonies have repeatedly been found, e.g.
between invasive and native populations of Linepithema humile
[35] and Wasmannia auropunctata [39]. CHC profiles were found to
be less complex in introduced areas, with substances having been
lost from the profiles in comparison to colonies in the native range
[39]. However, supercolonies of Linepithema humile also differ in
their CHC profiles in the invasive range [41].
Here, we found unusually high degrees of qualitative differences
between CHC profiles of different supercolonies of A. gracilipes.W e
identified 30 major CHC compounds that accounted for at least
1% of the entire CHC profile and found qualitative differences in
compounds that accounted for up to 8.21% of the profiles of
different A. gracilipes supercolonies. The qualitatively differing
substances comprised different compound classes such as alkanes,
alkenes, methyl-branched alkenes as well as mono-, di- and
trimethyl-branched alkanes of varying chain length (Fig. 4), as
would be expected if supercolonies diverge in a drift-like process of
neutral evolution.
In our study, genetic distances corresponded to chemical
distances between colonies, as has been observed in several other
studies on various social insect species [5,46,47,48]. The
correlation between differentiation in CHC profile and differen-
tiation in microsatellite loci in A. gracilipes suggests that cuticular
hydrocarbons are to a large extent genetically determined in this
species as is in many other ant species [17,18,19,20,21], albeit
environmental cues may also be involved [49,50].
Helantera ¨ et al. suggested that unicoloniality (the ability of ant
species to form populations consisting of one or more super-
colonies [8,22]), might be an evolutionary dead-end [22], since
selfish behaviour of distantly related nestmates should lead to
supercolony instability as predicted by kin-selection theory. This
view is supported by the scattered distribution of unicoloniality in
the ant phylogeny as well as the fact that no unicolonial ant species
has a sister species that is also unicolonial [22]. In contrast to other
supercolonial ant species such as L. humile and S. invicta, however,
workers in A. gracilipes supercolonies are closely related [22,23],
and thus selfish behaviour is less likely to evolve.
Despite this potential evolutionary dead-end, the limited or even
absent gene flow between supercolonies of unicolonial ant species
[2,8,9,10] may be conducive to speciation [22]. As speciation occurs
on timescales beyond reach for current research, indirect approaches
are the only way to find clues regarding that question, e.g. by
measuring how much supercolonies have diverged in neutral or
s e l e c t e dt r a i t s[ 2 2 ] .A sw eh a v es h o w n ,A. gracilipes supercolonies are
indeed differentiated in neutral traits, i.e. alleles of microsatellite loci
and several cuticular compounds. Regardless of the origin of this
initial differentiation that we see today, one should expect both the
genetic and chemical differentiation to increase in the prolonged
absence of gene flow between supercolonies. Although we cannot
infer absence of gene flow directly, the sociogenetic structure of the
supercolonies in NE-Borneo resembles that of the supercolonies
found on Christmas Island, where gene flow among the two
supercolonies can be excluded based on mitochondrial and
microsatellite markers [10]. In addition, behavioural characteristics
of A. gracilipes, such as intranidal mating soon after eclosion of female
reproductives (pers. obs.) and aggression towards allocolonial sexuals
by workers (Table S1), suggest that mating is non-random, resulting
in strongly reduced or absent gene flow between supercolonies.
Similar patterns (intranidal mating, limited or absent intercolonial
gene flow) have been reported for the likewise invasive ant Linepithema
humile both in its native [8,48] and invasive range [2,9,51].
The initial differences that would be necessary in order for
subsequent differentiation between neighbouring supercolonies to
occur are likely to accumulate in allopatry, e.g. if supercolonies stem
fromdifferentsourcepopulationsorifsupercoloniesaredividedinto
two or more fragments through human-mediated jump dispersal. In
the latter scenario, lack of contact zones (and thus mating) between
the resulting allopatric fragments is likely to lead to accumulation of
colony (or fragment-) specific mutations and CHC compounds. If
both fragments come into secondary contact again, genetic and
chemical differentiation may have advanced enough to result in
mutual aggression and lack of gene flow. This pattern was very
recently described for Linepithema humile supercolonies from Corsica
and the European mainland, where the introduction of one or
several L. humile propagules from the mainland to Corsica likely
entailed an interruption of gene flow between Corsican and
European supercolonies, resulting in the pronounced chemical
andbehaviouraldifferentiation observable today[52].Thisscenario
may also explain parts of our data, as supercolonies P3 and P4 are
likely to be established fragments of the same supercolony which
have already accumulated supercolony-specific alleles and cuticular
compounds despite still tolerating each other (Tables S3 and S5).
Overtime, the spatial separation(allopatry) of the two supercolonies
P3 and P4 should facilitate increasing genetic and chemical
differentiation, which in turn should lead to mutual aggression as
soonas CHCprofiles aresufficiently different. Furthermore, genetic
and chemical differentiation should also entail behavioural
suppression of intercolonial gene flow through worker aggression
against allocolonial sexuals even if they came into contact again (e.g.
as a result of range expansion).
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mating and budding on the one hand and positive feedback
between genetic, chemical and behavioural traits on the other
hand may drive supercolonies towards ever increasing differenti-
ation, possibly even involving reproductive isolation and thus,
speciation. In contrast to the majority of ant species, A. gracilipes
supercolonies are characterized by a combination of traits
(polygyny, intranidal mating, and lack of active dispersal other
than budding) that ensure the continuous production of generation
upon generation of reproductives that all stay within the super-
colony. Coupled with an unusual reproductive system that may
potentially avoid the negative effects of inbreeding depression [23],
the extreme polygyny and polydomy of A. gracilipes immensely
reduces the risk of a breakdown of the entire supercolony, resulting
in virtual immortality of the supercolony superorganism. Further-
more, in eusocial species with strict intranidal mating, a colony-
specific signal should be sufficient for recognition between the
sexes and thus, selection towards a species-specific signal that
allows recognition between sexes from different supercolonies
should be relaxed [53]. In concert with the virtual immortality of
A. gracilipes supercolonies, relaxed selection towards a species-
specific signal may even lead to a complete breakdown of
intraspecific recognition between sexuals from different colonies,
potentially leading to prezygotic, reproductive isolation. This, in
turn, implies that different A. gracilipes supercolonies would no
longer belong to the same species according to the biological
concept of species, which states that species are groups of
interbreeding natural populations that are reproductively isolated
from other such groups [54]. Currently it is unclear whether
different A. gracilipes supercolonies should be perceived as
belonging to the same species, as apparent lack of random mating
between sexuals from different supercolonies, intranidal mating
and aggression of workers towards allocolonial sexuals may
already pose a sufficient barrier preventing intercolonial gene
flow. Thus, we argue that intercolonial differentiation may
potentially result in reproductive barriers between colonies,
ultimately leading to independent units on different evolutionary
trajectories, and thus possibly speciation between neighbouring A.
gracilipes supercolonies.
Supporting Information
Figure S1 Location of six Anoplolepis gracilipes supercolonies in
Sabah, Malaysia.
Found at: doi:10.1371/journal.pone.0013581.s001 (0.37 MB
PDF)
Figure S2 Aggression between six laboratory colonies collected
from six spatially separated Anoplolepis gracilipes supercolonies.
Found at: doi:10.1371/journal.pone.0013581.s002 (0.37 MB
PDF)
Figure S3 Bray-Curtis dissimilarities of relative peak areas of
cuticular hydrocarbon profiles between six Anoplolepis gracilipes
supercolonies.
Found at: doi:10.1371/journal.pone.0013581.s003 (0.26 MB
PDF)
Figure S4 NMDS plots of Bray-Curtis dissimilarities of CHC
profiles of six Anoplolepis gracilipes supercolonies.
Found at: doi:10.1371/journal.pone.0013581.s004 (0.38 MB
PDF)
Text S1 Materials and Methods: Mortality Index MI.
Found at: doi:10.1371/journal.pone.0013581.s005 (0.18 MB
PDF)
Table S1 Aggression of workers towards allocolonial workers,
males and queens.
Found at: doi:10.1371/journal.pone.0013581.s006 (0.14 MB
PDF)
Table S2 Alleles of six microsatellite loci in six Anoplolepis
gracilipes supercolonies.
Found at: doi:10.1371/journal.pone.0013581.s007 (0.17 MB
PDF)
Table S3 Percentage of alleles differing between Anoplolepis
gracilipes supercolonies in relation to the pairwise allele pool.
Found at: doi:10.1371/journal.pone.0013581.s008 (0.10 MB
PDF)
Table S4 Multi-level genetic analysis of molecular variance
(AMOVA) of six Anoplolepis gracilipes supercolonies.
Found at: doi:10.1371/journal.pone.0013581.s009 (0.13 MB
PDF)
Table S5 Percentage of CHC differing between six Anoplolepis
gracilipes supercolonies in relation to the pairwise compound pool.
Found at: doi:10.1371/journal.pone.0013581.s010 (0.12 MB
PDF)
Acknowledgments
We thank the Economic Planning Unit (EPU) for permission to conduct
research in Malaysia, Prof. Dr. Datin Maryati Mohamed for collaboration
and Dr. Maklarin bin Lakim (Sabah Parks) for permission to conduct our
work at Poring Hot Springs, as well as H. Helantera ¨ and three anonymous
reviewers for valuable comments on this manuscript. All experiments
conducted comply with the current laws of Malaysia.
Author Contributions
Conceived and designed the experiments: JD NB TS HF. Performed the
experiments: JD TS JB. Analyzed the data: JD NB TS JB HF. Contributed
reagents/materials/analysis tools: NB TS HF. Wrote the paper: JD NB TS
HF.
References
1. Ho ¨lldobler B, Wilson EO (2009) The superorganism: the beauty, elegance, and
strangeness of insect societies. New York: W. W. Norton & Company, Inc.
2. Jaquiery J, Vogel V, Keller L (2005) Multilevel genetic analyses of two European
supercolonies of the Argentine ant, Linepithema humile. Molecular Ecology 14:
589–598.
3. Fournier D, Biseau JC, Aron S (2009) Genetics, behaviour and chemical
recognition of the invading ant Pheidole megacephala. Molecular Ecology 18:
186–199.
4. Le Breton J, Delabie JHC, Chazeau J, Dejean A, Jourdan H (2004)
Experimental evidence of large-scale unicoloniality in the tramp ant Wasmannia
auropunctata (Roger). Journal of Insect Behavior 17: 263–271.
5. Ugelvig LV, Drijfhout FP, Kronauer DJC, Boomsma JJ, Pedersen JS, et al.
(2008) The introduction history of invasive garden ants in Europe: Integrating
genetic, chemical and behavioural approaches. BMC Biology 6.
6. O’Dowd DJ, Green PT, Lake PS (2003) Invasional ‘meltdown’ on an oceanic
island. Ecology Letters 6: 812–817.
7. Holway DA, Lach L, Suarez AV, Tsutsui ND, Case TJ (2002) The causes and
consequences of ant invasions. Annual Reviews of Ecology and Systematics 33:
181–233.
8. Pedersen JS, Krieger MJB, Vogel V, Giraud T, Keller L (2006) Native
supercolonies of unrelated individuals in the invasive Argentive Ant. Evolution
60: 782–791.
9. Thomas ML, Payne-Makrisa CM, Suarez AV, Tsutsui ND, Holway DA (2006)
When supercolonies collide: territorial aggression in an invasive and unicolonial
social insect. Molecular Ecology 15: 4303–4315.
10. Thomas ML, Becker K, Abbott KL, Feldhaar H (2010) Supercolony mosaics:
two different invasions by the yellow crazy ant, Anoplolepis gracilipes, on Christmas
Island, Indian Ocean. Biological Invasions 12: 677–687.
Societies Drifting Apart
PLoS ONE | www.plosone.org 7 October 2010 | Volume 5 | Issue 10 | e1358111. Brandstaetter AS, Endler A, Kleineidam CJ (2008) Nestmate recognition in ants
is possible without tactile interaction. Naturwissenschaften 95: 601–608.
12. Akino T, Yamamura K, Wakamura S, Yamaoka R (2004) Direct behavioral
evidence for hydrocarbons as nestmate recognition cues in Formica japonica
(Hymenoptera: Formicidae). Applied Entomology and Zoology 39: 381–387.
13. Lahav S, Soroker V, Hefetz A, Vander Meer RK (1999) Direct behavioral
evidence for hydrocarbons as ant recognition discriminators. Naturwissenschaf-
ten 86: 246–249.
14. Torres CW, Brandt M, Tsutsui ND (2007) The role of cuticular hydrocarbons as
chemical cues for nestmate recognition in the invasive Argentine ant (Linepithema
humile). Insectes Sociaux 54: 363–373.
15. Vander Meer RK, Morel L (1998) Nestmate recognition in ants. In: Vander
Meer RK, Breed MD, Espelie KE, Winston ML, eds. Pheromone communi-
cation in social insects. BoulderColorado: Westview Press. pp 79–103.
16. Franks N, Blum M, Smith RK, Allies AB (1990) Behavior and chemical disguise
of cuckoo ant Leptothorax kutteri in relation to its host Leptothorax acervorum. Journal
of Chemical Ecology 16: 1431–1444.
17. Pennanec’h M, Bricard L, Kunesch G, Jallon JM (1997) Incorporation of fatty
acids into cuticular hydrocarbons of male and female Drosophila melanogaster.
Journal of Insect Physiology 43: 1111–1116.
18. Takahashi A, Tsaur SC, Coyne JA, Wu CI (2001) The nucleotide changes
governing cuticular hydrocarbon variation and their evolution in Drosophila
melanogaster. Proceedings of the National Academy of Sciences of the United
States of America 98: 3920–3925.
19. Adams ES (1991) Nest-mate recognition based on heritable odors in the termite
Microcerotermes arboreus. Proceedings of the National Academy of Sciences of the
United States of America 88: 2031–2034.
20. van Zweden JS, Dreier S, d’Ettorre P (2009) Disentangling environmental and
heritable nestmate recognition cues in a carpenter ant. Journal of Insect
Physiology 55: 158–163.
21. van Zweden JS, Brask JB, Christensen JH, Boomsma JJ, Linksvayer TA, et al.
(2010) Blending of heritable recognition cues among ant nestmates creates
distinct colony gestalt odours but prevents within-colony nepotism. Journal of
Evolutionary Biology 23: 1498–1508.
22. Helantera ¨ H, Strassmann JE, Carrillo J, Queller DC (2009) Unicolonial ants:
where do they come from, what are they and where are they going? Trends in
Ecology & Evolution 24: 341–349.
23. Drescher J, Blu ¨thgen N, Feldhaar H (2007) Population structure and
intraspecific aggression in the invasive ant species Anoplolepis gracilipes in
Malaysian Borneo. Molecular Ecology 16: 1453–1465.
24. Drescher J, Feldhaar H, Blu ¨thgen N (2010) Interspecific aggression and resource
monopolization of the invasive ant Anoplolepis gracilipes in Malaysian Borneo.
Biotropica in press.
25. Feldhaar H, Drescher J, Blu ¨thgen N (2006) Characterization of microsatellite
markers for the invasive ant species Anoplolepis gracilipes. Molecular Ecology Notes
6: 912–914.
26. Queller DC, Goodnight KF (1989) Estimating relatedness using genetic markers.
Evolution 43: 258–275.
27. Excoffier L, Laval G, Schneider S (2005) Arlequin ver. 3.0: An integrated
software package for population genetics data analysis. Evolutionary Bioinfor-
matics Online 1: 47–50.
28. Falush D, Stephens M, Pritchard JK (2007) Inference of population structure
using multilocus genotype data: dominant markers and null alleles. Molecular
Ecology Notes 7: 574–578.
29. Falush D, Stephens M, Pritchard JK (2003) Inference of population structure
using multilocus genotype data: Linked loci and correlated allele frequencies.
Genetics 164: 1567–1587.
30. Pritchard JK, Stephens M, Donnelly P (2000) Inference of population structure
using multilocus genotype data. Genetics 155: 945–959.
31. Martin S, Drijfhout F (2009) A review of ant cuticular hydrocarbons. Journal of
Chemical Ecology 35: 1151–1161.
32. Ithaka R, Gentleman R (1996) R: A language for data analysis and graphics.
Journal of Computational and Graphical Statistics 5: 299–314.
33. van Wilgenburg E, Torres CW, Tsutsui ND (2010) The global expansion of a
single ant supercolony. Evolutionary Applications 3: 136–143.
34. Sunamura E, Espadaler X, Sakamoto H, Suzuki S, Terayama M, et al. (2009)
Intercontinental union of Argentine ants: behavioral relationships among
introduced populations in Europe, North America, and Asia. Insectes Sociaux
56: 143–147.
35. Brandt M, Van Wilgenburg E, Tsutsui ND (2009) Global-scale analyses of
chemical ecology and population genetics in the invasive Argentine ant.
Molecular Ecology 18: 997–1005.
36. Vogel V, Pedersen JS, Giraud T, Krieger MJB, Keller L (2010) The worldwide
expansion of the Argentine ant. Diversity and Distributions 16: 170–186.
37. Sunamura E, Hatsumi S, Karino S, Nishisue K, Terayama M, et al. (2009) Four
mutually incompatible Argentine ant supercolonies in Japan: inferring invasion
history of introduced Argentine ants from their social structure. Biological
Invasions 11: 2329–2339.
38. Lenoir A, Fresneau D, Errard C, Hefetz A (1999) Individuality and colonial
identity in ants: the emergence of the social representation concept. In:
Detrain C, L DJ, Pasteels JM, eds. Information processing in social insects. Basel:
Birkha ¨user Verlag. pp 219–237.
39. Errard C, Delabie J, Jourdan H, Hefetz A (2005) Intercontinental chemical
variation in the invasive ant Wasmannia auropunctata (Roger) (Hymenoptera,
Formicidae): A key to the invasive success of a tramp species. Naturwissenschaf-
ten 92: 319–323.
40. Suarez AV, Holway DA, Liang DS, Tsutsui ND, Case TJ (2002) Spatiotemporal
patterns of intraspecific aggression in the invasive Argentine ant. Animal
Behaviour 64: 697–708.
41. Blight O, Renucci M, Tirard A, Orgeas J, Provost E (2010) A new colony
structure of the invasive Argentine ant (Linepithema humile) in Southern Europe.
Biological Invasions 12: 1491–1497.
42. Hefetz A (2007) The evolution of hydrocarbon pheromone parsimony in ants
(Hymenoptera: Formicidae) - interplay of colony odor uniformity and odor
idiosynchrasy. A review. Myrmecological News 10: 59–68.
43. Elmes GW, Akino T, Thomas JA, Clarke RT, Knapp JJ (2002) Interspecific
differences in cuticular hydrocarbon profiles of Myrmica ants are sufficiently
consistent to explain host specificity by Maculinea (large blue) butterflies.
Oecologia 130: 525–535.
44. Martin SJ, Helantera ¨ H, Drijfhout FP (2008) Evolution of species-specific
cuticular hydrocarbon patterns in Formica ants. Biological Journal of the Linnean
Society 95: 131–140.
45. Martin SJ, Helantera ¨ H, Drijfhout FP (2008) Colony-specific hydrocarbons
identify nest mates in two species of Formica ant. Journal of Chemical Ecology 34:
1072–1080.
46. Dronnet S, Lohou C, Christides JP, Bagneres AG (2006) Cuticular hydrocarbon
composition reflects genetic relationship among colonies of the introduced
termite Reticulitermes santonensis Feytaud. Journal of Chemical Ecology 32:
1027–1042.
47. Dapporto L, Liebert AE, Starks PT, Turillazzi S (2009) The relationships
between cuticular hydrocarbon composition, faunal assemblages, inter-island
distance, and population genetic variation in Tuscan Archipelago wasps.
Biochemical Systematics and Ecology 37: 341–348.
48. Vogel V, Pedersen JS, d’Ettorre P, Lehmann L, Keller L (2009) Dynamics and
genetic structure of Argentine Ant supercolonies in their native range. Evolution
63: 1627–1639.
49. Florane CB, Bland JM, Husseneder C, Raina AK (2004) Diet-mediated inter-
colonial aggression in the Formosan subterranean termite Coptotermes formosanus.
Journal of Chemical Ecology 30: 2559–2574.
50. Liang D, Silverman J (2000) ‘You are what you eat’: Diet modifies cuticular
hydrocarbons and nestmate recognition in the Argentine ant, Linepithema humile.
Naturwissenschaften 87: 412–416.
51. Giraud T, Pedersen JS, Keller L (2002) Evolution of supercolonies: The
Argentine ants of southern Europe. Proceedings of the National Academy of
Sciences of the United States of America 99: 6075–6079.
52. Blight O, Renucci M, Tirard A, Orgeas J, Provost E. A new colony structure of
the invasive Argentine ant (Linepithema humile) in Southern Europe. Biological
Invasions. In press.
53. Martin SJ, Helantera ¨ H, Kiss K, Lee YR, Drijfhout FP (2009) Polygyny reduces
rather than increases nestmate discrimination cue diversity in Formica exsecta ants.
Insectes Sociaux 56: 375–383.
54. Mayr E (1942) Systematics and the Origin of Species. New York, USA:
Columbia University Press.
Societies Drifting Apart
PLoS ONE | www.plosone.org 8 October 2010 | Volume 5 | Issue 10 | e13581